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ABSTRACT 

A 1-kW praprococype radox atoraga ayaian haa undar- 
gone charactariaation Caata and haa baan oparatad aa 
tha atoraga davica for a )'kW (paak) photovoltaic ar' 
ray. Tha ayataai ia daacribad and parforaanca data ara 
praaantad. Loaa aiachaniaaia ara diacuaaad and aiaipla 
daaign changaa landing to aignificant increaaaa in af- 
(icirncy are auggaatad. Tha affecta.on ayataai parfona- 
anca o( nona^ui 1 ibriuo batwaan tha pradoaiinant apaciaa 
of coaipiaxad chronic ion in tha nagativa alactroda ra> 
actant solution ara indicated. 

INTRODUCTION 

Tha NASA Lawia Raaaarch Canter radox ayatana con- 
cept anbodiaa tha uae of tha Fe*^/Fa*^ and Cr*^/Cr*^ 
radox couplaa. an anion-axchanga naaibrana for reactant 
aaparation, and carbon fait alactrodaa. Tha pacing 
trchnologiaa for tha davelopaient of the concept have 
hern in the areaa of the nenbrana and tha chronium 
electrode. Tha aMnbrana nuat have low raaiativity yet 
fom a barrier that aalactively excludaa the reactant 
cations. The chromiun electrode aiuat be catalyt ical ly 
active to the reduction and oxidation of the chroatiun 
ions but not to the chenical or alectrochenical reduc- 
tion of protons. During 1979 and early 1980 signifi- 
cant advances were made in both these critical areas. 

It then bacaae feasible to develop and place on test a 
preprototype redox syateai of a site large enough to 
give neaningful insights into the raquirasienta for sub- 
sequent designs. The preprototype system was designed 
to provide storage for a )-kW (peak) array of solar 
photovol laic cells at Levis. This was deemed to be 
tvpical of the atend-alone applications in which early 
tedos storage aysttma would aK>st likely find use. 

This paper describes tha 1-kW praprototypa redox 
Morsqr system, its .ontrols, and its optional configu- 
rr.iions with regard to connection to the photovoltaic 
stray. Merformance data from several characterisation 
tests are presented. Then the types and aiagr.icudca of 
the various loss mechanisms associated with this parti- 
cular system are discussed, including awthods and esti- 
mates for tha reduction of these losses in subsequent 
svstems. Finally the results of operation of the com- 
plete, combined redox-photovoltaic system are presented 
and discussed. 

Design Parameters 

The nominal design specifications for the 1-kW pre- 
prototype redox systam are presented in table 1. For a 
more detailed diacuaaion of ayatam features and tubtya- 
trm components, see reference 1. The 120-V dc voltage 
level was aeltcted bacauae of the large l^R line 
losaes that would occur at lower voltages. The deci- 
sion to separate the eingle cells into four stacks wss 
bssed partly on a consideration of shunt current losses 
(intrastack loiset tend to increaae with the square of 
the number of cells in a alack) and partly on the fact 
that }9-cclI stacks represent a reasonable etep up from 


the previous maximum number of calls in a stack, 14. 

The syatem capacity of 10 kWh (700 liters of each reac- 
tant) wat an arbitrary choice baaad on convanianca. 

For tattt run to date the volvase of raaetanta weed wat 
only about one-fourth of thia design capacity. Tha 
dapt! -of-diacharga range and the nominal currant den- 
aity ware salacccd to avoid axcaaaiva pumping and call 
IR lotaca. The cell aite of 1/3 ft^ active area wat 
picked because the necaeaary equipment and material 
were already on hand. 

The voltage level of 120 V dc preaanted a ayatam 
design problam: Only 28-V dc pumps, controls, and in- 

struments were readily available, and tha lead times 
necessary to acquire 120-V aquipmant ware not accept- 
able. It was therefore decided to uae the 26-V equip- 
ment and to hard wire the 26-V pumpa acroas a 24-call 
aaction at the high-voltage and of tha radox systam 
(fig. 1). Because of tha variation of the voltage 
across these cells as ths state of charge of the syctem 
chenges, the pumping rates will be graataat where low 
flow rates are acceptable, and lowest when high rates 
are needed. Either eituation results in system ineffi- 
ciencies. It was realised that the 28-V meter relays, 
flowmeters, and ampere-hour integrators could not tol- 
erate the voltage changes inherent in direct connection 
to the redox itacks. It wss therefore neceesary to in- 
stall a 120/28 dc-dc converter serose the system 120-V 
dc bus. For the purpose of performing certsin charac- 
terisation tests, the option it provided Co uce exter- 
nal dc power Supplies for the pumps and instrument 
controls. Obviously a lyilcm redesign would incorpor- 
ate 120-V equipment and eliminate theae costly and in- 
efficient situations. 

The redox ayteem is designed eo that, of the total 
of 1)6 single cells, 60 are aepirated into 10 six-cell 
trim packages. Through the uee of awter relays, these 
trim packages are aequcntially switched into or out ol 
the load circuit to keep the bus voltage at 1 20 V dc. 
The trim packages and other working cells share common 
reactants at all times. Thus no part of the system is 
at a different state of charge from any other. 

The photovoltaic array consists of twenty-two 120-V 
strings of solar cells that are also switched in and 
out to keep the array bus at 1 20 V dc , if possible, 
under existing load and insolation conditions. Trim 
cell switching is inhibited until sll array atrings are 
active, thus avoiding interactions between the two sets 
of controls. The array can be directly connected 
across the first 96 cells of the redox system (configu- 
rstion 1) or directly scrots the eyatem load in paral- 
lel with the active redox cells (configuration 2), as 
shown in figure 10. 

Each of the four stacks in the system wat checked 
Out individually. Aa expected, the hydrogen evolution 
rates had become almost negligible. The average resis- 
tance of stack cells wss shout 12 m Q, comparing well 
wiih laboratory results. However, the shunt current 
power losses, as indicated by the steady-state current 
("taper current") eccained while charging at a fixed 
voltage, were about twice aa large as calculated. Most 
of this discrepancy subsequently has been shown to re- 
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•ult iron thunt pathi unaccountad for in tht ■aathoMti'- 
cai nodel. Thaaa patha ara affaecivaly tliainatttf by 
uaini a plaatic fila to pravant tha flowini ftuida in 
tha aait and inltt porta (fi|> 2) froa dontactinp tha 
atabranat- Tabla 11 ahowat for fiva-aall atacka, tha 
hiatory of ahunt currant loan raduetion aa ealla hava 
boon aadt to confora aora clooaly to tha aodal. 

CMAJUCnRUATlON ItSiS 

Tha 1-Mf praprototypa ayataa ia ahown in fi|ura 3. 
The initial work, whoaa focua waa to charactariaa tha 
parfonaanea of the rodox ayataa, eonaiatad of polariaa” 
tion taata, chartc-diacharfe cyelaa, and parforaanca* 
varaua-f low-rata aaeaureawnta (flow aappint)* In thaaa 
avaluationa all 136 calla ware activa and ayatua chart* 
int waa done with a dc power aupply. Alao, for the 
raaaona aentionad earlier, independent power auppliaa 
ware uaad to power tha puapa, the inatrunanta, and tha 
eontrola. 

Figure A praaanta tha polariaation curvaa for tha 
156-call redox ayataa, taken at three different atatac 
of charta (SOC) and preaentad in taraa of awerage call 
voltage ai a function of currant danaity. The dip in 
tha diacharga curve for the loweat SOC occurred when 
the perforaance of the ayatea’a weaker calla (i.e., 
those cells receiving less than adequate flow) de- 
clined, The voltage of such calls tends to drop to 
near aero and then stabilise. The rise in the charging 
curve for the highest SOC was accoapaniad by the onset 
of an increased hydrogen evolution rate, which is typi- 
cal for higher charging voltages. The linear segments 
of the discharge curves have a slope equivalent to 
15 ini'} /cell, about 25 percent greater than measured 
when the stacks were tested individually. It was de- 
termined that this rise in call resistance reaulted 
from the inability of the test facility heating system 
to keep the reactant temperatures above 10^ C in mid- 
winter. The previous teats had been performed at a 
controlled 21<> c. This temperature-induced increase 
of cell resistance results in a decrease in system 
energy efficiency. For actual storage applications the 
redox system would have to be protected from overcool- 
ing by burying or insulating it. 

Charge-discharge cycles were performed at nominal 
current densities of 30, 36, and 45 mA/crn^. The sys- 
tem, initially fully discharged, was charged at the 
desired rate until the charging voltage reached 167 V 
( 1.20 V/cell), after which the current was allowed to 
taper off until a quasi-steady state of charge was at- 
tained. Discharge followed itBcdiatcly and continued 
until coaiplete discharge was attained. Typical data 
are shown in figure 5, in which the SOC, as indicated 
by the voltage of the open-circuit cell, is plotted 
against watt-hours of capacity, for both charge and 
discharge. For a cycle between the open-circuit volt- 
age limits of 0.94 and 1.15 V, the energy efficiency 
was 56.7 percent. Similar data for ttpere-hours of 
capacity show a coulombic efficiency of 83.9 percent. 

The contributors to these relatively low efficiencies 
were the greater-than-expected average cell resistance 
and the higher-than-calculated shunt current losses. 

As suggested in the preceding discussion, both of these 
loss SMchanisms can be easily and significantly reduced. 

Flow mapping teats were also performed. In these 
tests the reactant flew rates were varied during a 
charge-discharge cycle to determine what flews were 
necessary to sustain system performance at various 
states of charge. It was found that a flow rate three 
times greater than the stoichiometric requirement 
(i.e., the ideal minimum flow for a given current and 
SOC) is adequate to prevent any cells from falling to 
lero voltage during discharge or rising unacceptably 
during charge. Tests on single cells have shown that 


1.5 times the atoichiometrie flew rete is sufficient 
for good perfeimance, ae the feet that the 156-eel 1 
system requires twice this race imdieates that seam 
cells are getting only about one-half their share of 
the total flew. This problem relocea to tha difficulty 
in SMintaining assembly colereoeea when producing many 
calls by hand. 

tevcral additional eharecterieation tests were per- 
fensed but with the trim cell eentrollers oparationql. 
The first was a combined operation of the redox-photo- 
voltaic syatem. Data from a typical run arc preaentad 
ia table 1)1. The two systama were operated in configu- 
ration 1, in which the photovoltaic array is. connected 
directly across the first 96 cells of the redox sys- 
tem. For the existing test comditiona of load, rodox 
state of charge, and solar ineolatiM, the array was 
fully activated (all 22 solar cell strings functioning) 
but was unable to reach the 120-V dc operating level. 
Therefore two trim cell packages (12 cells) were auto- 
matically brought into the circuit to boost the array 
output voltage frcmi til. 5 to 120.5 V for the load bus. 
Because of the relatively lew redox system atate of 
charge of 33 percent, the array was capable, even at 
its 111.5-V output voltage, of providing charge to the 
redox system through the 96-ccll main stack, thus the 
redox system was expending 167 H through its trim cells 
to boost the array power to the lead ^ 9 V aiM was at 
the same tine accepting 1170 W of Charge. During these 
tests the pumps, instruments, and controls wore Still 
being powered by separate power supplies. All controls 
and switching devices operated normally. 

Another set of characteriaatimi tests was made to 
determine the system response to transient loads such 
as the current surges required for sutor starting. For 
the first of these tests the redox system and the pho- 
tovoltaic array were both operational. Figure 6 shows 
the time variation of the load current and the sharing 
of that current by the array and the redox system when 
the starting of a 250-W, 120-V dc swtor was superim- 
posed upon a steady-state resistive load of 1 kW. The 
magnitude of the load current spike was 20 A. The re- 
dox system absorbed 95 percent of this surge, going 
from s steady-fiaie cherge acceptance of 16.5 A to a 
peak discharge race of 2.5 A. 

The final transient test was performed with a 1-kW, 
120-V dc vacuum pump motor equipped with a starting 
resistor. The array was not in operation, and the re- 
dox system was at 55 percent state of charge. The data 
recorder traces for the load current and tha terminal 
voltage ere shown in figure 7. The shape and ripplts 
of the traces are related to tha action of tha resis- 
tive starter and to the pump starting charactarittics. 
During the first 100 ms of the transient, six trim cell 
packages (36 cells) were ectivated. Although the peek 
load was greater than 2100 H, thare was no tendency 
toward stalling of the motor, and the redox system re- 
turned to its nominal operating voltage in 500 ma. 

Finally the redox aystcm was charged to approxi- 
mately 80 percent SOC and than allowed to discharge at 
a 10-A rate (pumr and controls externally powered). 

The system volts);, and the Open-circuit cell voltage 
are plotted together in figure 8, which showe the ac- 
tion of the trim cells maintaining system voltage at 
the state of charge decrcasaa. Not until ell celle are 
active docs system output etart to decay. 

EFFICIENCY LOSS laCHAMlSMS 

Inefficiencies associated with the preprototype, 
1-kW eyatem can be tignificaotly reduced. Table IV 
presents the measured nominal losses for tha l-kW ays- 
tcm. The pumping loss relates to the maximum design 
requirement for three timee the ctoichiometric flow 
rate bated on the design froac current density and the 
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M»i*uai dtaign tftpth of diocharg* (90 ptrcont}* lottor 
control over Cdll •••tuAly toltrditeat would oiouro chit 
•11 cells receive thoir proportionate share of the 
total flow and would thus pansit operation closer to 
the 1.5 otoichioatetric flew aultipla ahown to he suffi- 
cient for single cello, tinea punp pewar variaa 
directly with nearly the euho of the flew rate, this 
flow rate reduction would have a significant effect. 
Puaps having an elactric-toHiydraulic efficiency great- 
er than the present 15 percent also would greatly re- 
duce puaiping losses, ^wewor, for very asMll ayateaa 
such as this, low puwp efficiency it a fact of life 
unless the punps are designed for the specific applica- 
tion. Pinal lyjjse of an efficient pua^i speed control 
and Solid-State logic devieaa would petait varying the 
puap speed as a function of the aystea state of charge 
instead of operating at the fixed high speed required 
for the worst-case situation. Over a coaplete cycle 
this capability would reduce the total energy required 
for punping hy an eatiaatad 50 percent. 

As aentioned earlier a aiaple cell design change 
already iapleaented and proven in laboratory ataeks can 
be expected to reduce the intraatack shunt leases by 
about 50 percent. In addition, operation at lower flow 
rates will perait the narrowing of the flow port slots 
in each cell at the expense of only aodast puaping 
losses. Within certain liaits the intraatack shunt 
losses are directly proportional to thaae flow port 
widths (resistances). In like aunner, interstack loss- 
es can be reduced by lengthening the piping between 
•tacks or reducing the piping diaawter. Finally a coa- 
putational process can be used to deteraine the oiMbcr 
of stacks, the nuaber of cells per stack, and the site 
of the piping connecting stacks to ainiaise the sua of 
intra- and interstack shunt losses and puaping power. 

The power requiresMnt indicated in table IV for 
instrumentation and controls is specifically for the 
meter relays and aasociated contactors for the trim 
cell control and for several integrating Mpere-hour 
aeters. The latter, being research devices, should not 
have their energy needs charged to the systea. TTw 
foraer can be replaced by solid-state twitching devi- 
ces, and this will considerably reduce their power de- 
mands. Finally, although not tabulated in table IV, 
the 1-R losses could be reduced 20 percent merely by 
raising the systea teaparature 10° G, as discussed 
earlier. 

It should be noted that the pump and shunt losses 
presented in table IV are maxiaua values. If the punp 
speeds were varied continuously in order to keep the 
flow rates at a constant aultiple of the instantaneous 
stoichiometric flow rates as the system SOC changed, 
the average pump power during a complete cycle would be 
much less than the indicated value. Similarly the 
listed shunt lost rate is for charging at the maximum 
rate (i.e., when the system voltage is at its high- 
est). Since the shunt losses tend to vary directly 
with the second to third power of the system voltage, 
the integrated average shunt loss during a cycle would 
be considerably reduced. 

OPERATlOh OF COHBINED EEOOX- PHOTOVOLTAIC SYSTEM 

Upon completion of the characterisation tests dis- 
cussed in a preceding section, the intent was to couple 
the redox storage system and the photovoltaic array; to 
power the system pumps, controls, and instrumentation 
internally; and to begin operation in a mode that would 
typify a stand-alone application. The purpose of such 
operation was to determine storage system efficiency 
and capacity retention in this application. However, 
neither of these characteristics can be aimply evalua- 
ted if the chromic ion species are not in equilibrium. 

It has been determined that the chromic ion exists 


in two camplaxad forma, the ponta aqua chloro Cpanta") 
and eba h«xa aqua Choxa"). Hm ponta aceapta a charge 
raadityt tha haxa, with difficulty. Per a given state 
of charge, the greater tha haaa content of tha chromium 
aolutiwi, the greater ie the open-circuit voltage of a 
redox cell, thic eeueee the hysterecie in the epen- 
eireuit-veltege-vereua-dOC corvee of figure 9. At 
oquiiihrium in the dieeharged (chromic) atatc the penta 
and haxa concantrations ara about equal, hut equilib- 
rium ia reached vary alowly. At aquilihriuo in tha 
charged (chremeua) atate the pente form predeminatet, 
and aquilibrium hatween tha two apeciea oecura rapidly. 

la prineipla tha maaaur«Mnt of ayatam afficiancy 
ia quite atreight forward, le erdar to dttetnioa ayatam 
afficiaecy over acme pariod of time, it ie nacesaary to 
know DOt only tha aeargy from tha array aod tha energy 
to tha load, hut alao the amouot of oeergy stored. 

With tiM chromic ion apocioa in equilibrium chart 
axiata a monotonic ralatienehip hatwaan open-circuit 
voltage eed eystem etete of charge, end the cheage in 
energy etored cen be eaaily calculated from the mea- 
sured open-circuit volcegea et the beginning end and of 
the auhject time period. However, since tha open- 
circuit voltage at any given SOC is e function of the 
chromium solution composition, the magnitudea of 
changaa in the 90C are not wall defined when the chro- 
mic apeciea are not in equilibrium, end the efficiency 
is then difficult to determine. 

the sane aituation effects tha maasuramant of the 
change in ayatem capacity with time. Capacity retan- 
cioo can bo daterminad by charging from one spacifiad 
value of open-circuit voltage to another end meeauring 
the amount of charge required. However, the initial 
composition of the chromium solution depends on the 
recant operating hiatory of the ayatem, and thia ini- 
tial compoaition determines the amount of charge needed 
to reach the target open-circuit voltage. The effecta 
of imhalanca of the chromic ion apacies on ayatem oper- 
ating charactcriatica are vary application dapandent. 
They art effected by such faccora as the ratio of total 
call araa to reactant volume, charge-diacharge rates, 
and tha ahape of tha duty cycle. Operationally sosm of 
the rmifications of thia ayatam charactariatic are 
(I) that axtanded periods in the discharged state 
should be avoided and (2) that the charge rate ahuuld 
be low enough relative to tha theoretical capacity to 
permit hexa-penta equilibruim to he aiaintained. Re- 
search ie now under way to quantify thia further and to 
uncover materials that will catalyse cither the pents- 
hexs equilibrium reaction or the direct reduction of 
the hexa species. 

The Isst test perforiMd to date was a brief com- 
parison of the two optionsl connections of tha array to 
the redox system. As shown in figure 10, in configura- 
tion 1 the array ia hard wired ecross a 9b-cell group 
of redos cells, in configuration 2 it is directly con- 
nected to the load. In table V the compariarn of con- 
figurations ia made at two iedicatad etatoa charge. 
It can ha seen that the charging power from the array 
is greater when it is allowed to work into a lower 
voltage (i.e., configuration 1) ao that it operates 
closer to its pesk power point. Therefore for an ap- 
plication in which the main purpose of the array is to 
charge tha redox system for later ust, perhaps at 
night, configuration 1 would ha the choice. On the 
other hand, if the load and array art operational at 
tha tame time, configuration 2 would minimise tha 
Mount of load energy that bad to go through the leas 
•fficieot alactrochemical charge-discharge aaquanca. 
Thus the choice will depend on the application and be 
decided by economies. 
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teutonic UMAMCS 

Sitnificant protraaa Ma kaan M4a o¥tr tht laat 
3 yaara in atfvaaeint tht ra4ea ttchnolaty. tneorpprf 
tint tha aott raeant aavalopa«nta in Muhrana and alac- 
troda tachaolofy into a eoaplata, fully Intaitaiad 
itorota ayatan and aaaluatini tha ayataai undar raalia* 
tic conoitiona hava addad gnatly to tha cradihility of 
tha radoa atoraft ayatas conaayt. litHr^ddda |ainad 
fro* opardtion of tha l-»W yraprototypa ayataa ia alao 
of valua in diraeting tha continuing davalopa«nt affort* 

Tha l-hW rado* praprotetypa ayatoa, although agata- 
tional for only a abort tiaa, haa alraady yrevidad such 
valuabla inforaation. CMtrol concapta hava haan ahoun 
to ba valid and trouhla fraa. Soaia inaight haa baan 
gained into intaractiona at tha uutual intarfacaa of 
tha redos ayacan, tha photovoltaic array, tha load, and 
the control davicaa. Quancitativa MaauraaMOta of loaa 
•achaniaua hava givan diraction for acack and ayatM 
dcaign ehangaa to uiniuiaa thaaa loaaca. Oparcting 
charactariatica of tha ayataa. aapacially inaofar aa 
they relate to tha equilibria of apaciaa in tha chrou' 
iun aolutitm, hava been partially quantified. Tha re- 
aponae of the ayatau to tranaiant loada haa baan uta- 
aurad, and aoua of tha criteria for tha choice of aya- 
tan configuration hava baan davalopad. 

Significant iaprovaawnta in ayatau efficiency can 


ba achiavod without any tacNmlogical braakthroughj. A 
ayatau larger chan tha t -Ml ptaprototypa would pat ait 
larger, uora otliciaac puapa to ha uaad. Varying puup 
apaad to waiatain a coaatant aultipla of tha ataichio- 
natric flow raquiraewnt would further roduca puofing 
OMcgy by aa uach aa M porcam. for larger calla 
ahmt loaaaa would bacoM a auallar fraction of ayatau 
power. A raeant verified taprovwNat in call daaign 
would Mka aigttificant further raduetiona ia ahuat 
loaaaa. The fact that uaubrana raaiatanea riMa with 
daeraaaii^ t«^ratura would require paaaiva tbarual 
uanagauant in the daaign of a larger ayatau. Tbia 
would reduce the l^t loaaaa ohaarvad during operation 
of the 1-bM ^prototype ayatau. 

Additional afficianey inprovaaenta will occur aa 
tha atata of technology advancoa: bpaeted raduetiona 
in uaubrana raaiativity will lower atill further the 
ayatau l^g loaaaa. Inproving tha kinetica of raae- 
tioo and/or equilibration for tha varioua apaciaa of 
couplaaad chronic ion will alao enhance ayatau par- 
foruanea. 

UFUEMCE 

1. Thaller, Lawrence H. ; Redm Plow Call Energy Stor- 
age Syataua. NASA 1M- 79143. 1979, Ka/NASA/l 002- 
79/S. 


TABLE 1. - REDOX SYSTEM DESIGN PARAMETERS 


Groas power, W 1*90 

Nouinal net power, 1000 

Voltage, V dc ..... 12(^SE 

Mtuiber of itacke A 

Nunber of celli per ttack. ... ......... 39 

Nuubar of triu packages (6 cells each) 10 

Depth-of-discharge range, percent. . . 80-20 

Reactant volune (each), liters (U.S. gallons) 700 (186) 

Resetant energy density (end of life), Wh/liter lA.S 

Cell active ares, c«2 320 

N.iuinal current density, uA/cu^ ...30 

Reactants IM/liter PeClj, 2N MCI 

IN/liter CrClj, 2N NCI 

Reactant flow rates per cell (nouinal). cu3/giin 100-130 

Parasitic losses, W; 

Puups (13 percent ptaip efficiency) 170 

Shunt power 120 

Nunber of rebalance cel la. . 3 

Muubcr of charge-indicator cells ♦ • 1 


TABLE 11. - REDUCTION OF SHUNT CURRENT LOSS 
(TAPER CURRENT) BY CELL DESIGN CMANCES 
(Five-cell stacks, 1.20V/cell.) 


Configuration 

Taper current, 

UA 

Original 

2000 

Bipolar plate awnifold holes insulated frou fluids 

lAO 

Neubrana uanifold kolas insulated frou fluids 

28 

Heubranas insulated frou fluids in exit and inlet pert 

12 

Hathauatical uedal 

7 


A 




tANii III. - mroniMia Mtii, ooMUmo uoox/nvmmuic 

SttTBI 


k.O.C. • 13 



CWFICUHATKIN 1 


INSOLATION, U.! 

TRIM cats ACTIVC \ZQ 

ARRAY VOL TAGf. VaTS ULS 

ARRAY CURRCNT. AMPS 2*. I 

LOAD vaTACE, VOLTS 12a $ 

LOAD CURRCNT, AMPS 11.6 

MAIN STACK VOLTAIC VOLTS 111. S 

MAIN STACK CURRENT. AMPS ” S ICHARCCI 

TRIM CELL VOLTAGE, VOLTS .O 

TRM CELL CURRENT. AMPS 18. 6 IDISCHARKI 

DISCHARGE POWER ( IRIM CELLS!. WATTS 16?. 0 

array POWER, WAHS S26.0 

LOAD POWER, WAHS 22(1 

CHARGE POWER. WATTS 1171 


TAtU IV. - TAMUTlOi OP‘ PARASITIC tOSSiii POR THE 
PRRPWTOTYPR l>kW RROOX STORACI SYSTEM 



M«**ur*d 

Daaiin e*ti*Mt* j 

Loii, W 

Miaps 

120 (*M«.) 

120 

Shuot current* 

230 («ax.) 

120 

tn*i.^-uMnta end control* 

100 



TABLE V. - EFFECT OF SYSTEM COMFICURATIOM ON CMARCINC RATE 



configuration 1 

Configuration 2 

Scat* of charge, percent 

3S 

46 

35 

44 

INiaibor of tria cell* octiv* 

12 

12 

12 

12 

Array voltat*, V 

110.0 

113.5 

121.5 

125.4 

Char|inE currant, A 

6.6 

7.37 

5.6 

6.39 

Charting poaar, W 

226 

836 

680 

801 


S 

















Figure L - Electrical diagram of the L 0 kilowatt system showing in- 
strumentation and data acquisition points. 




AVERAGE CELL VOLTAGE. 


Figure 3. - The 1-kilowatt preorototyoe redox storage system. 


( 



aiRRlNI 0!\SII>. MA'cn^ 

injure 4. - Poijri/diion curves, ctunje and oisciiartje, for ifie 1 KW Redo« stor 
age svsiem dl three ditterent slates ol charge. 




CHARGE AT 12. SA TO L 20 
VaWCELL THEN TAPER. 
OPEN CIRCUIT VOLTAGE DISCHARGE AT 12. 5 A 



20 16 12 8 4 0 48 12 16 2024283236 

CAPACITY. VHAn-HOUPS x lOT* 


Figure S. • Chatge-dischaige cyd« for 1 MV Rcd« storege systxii: 
CopacHy vs. Open Circuit Voltige. 
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TIME. MS CHARGE 

Figure A - Lo^ sharing batmen Redox storey system and photo' 
voiteic array during a 250'iiratt motor starting transient super- 
imposed on a 1 MW steady-state load <28% stete-of-chirgeL 


OPEN CIRCUIT VOlTAa 
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Figure 7. - Starting transients, voitage and 
current, for 1 kW. 120 VDC pump m<rtor. 
Redox system at 55% state-of-charge. 



Ttgurf 1 • Syilfw vOlUgf and open-circuit tell voltage durir^ discuarge. shawing 
elfecl e/I trim ceil operatiwi. 


SYSTEM VOITACE 



OPlN-CmCUIT VOLTAGf. V 



Figure 9. • Optn circuit voltigt as a function of state-of-charga, during chaiga 
and discftarga. 



(a) Configuration 1. Ar- 
ray connected across 
%-cell section of Redox 
system. 



tbi Configuration 2. Ar- 
ray connected directly 
to load, in parallel with 
Rettoi system. 


Figure Id - Optional combinations d the Redo< system and the 
phcrtovoitaic array. 



